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DESCRIPTION 

EXPRESSION SYSTEMS FOR TRANSCRIPTION OF FUNCTIONAL NUCLIEC 

ACIDS 

TECHNICAL FIELD 

The present invention relates to ribozymes and their 
expression systems. 

BACKGROUND ART 

A hammerhead ribozyme is one of the smallest 
catalytic RNA Molecules (Kruger et al., 1982; Guerrier- 
Takada et ai., 1 9 8 3 ) . Because of its small size and 
potential as an antiviral agent, numerous mechanistic 
studies (Dahm and Uhlenbech, 1991, Dahm et ai., 1 9 9 3 ; 
Eckstein and Lilley, 1996; Pontius et ai., 1997; Lett et 
ai., 1998 ; Zhou et ai., 1996, 1997; Zhou and Taira, 1998) 
and studies directed towards application in vivo have been 
performed (Erickson and Izant, 1992; Murray, 1992; Rossi, 
1995; Eckstein and Lilley, 1996 ; Prislei et al. , 1997; 
Turner, 1997; Scanlon, 1997) . Many successful experiments, 
aimed at the use of ribozymes for suppression of gene 
expression in different organisms, have been reported 
(Sarver et ai., 1990; Dropulic et ai., 1992; Ojwang et ai, 
1992; Yu et ai, 1993; Zhao and Pick, 1993; Inokuchi et ai, 
1994; Yamada et ai, 1994; Ferbeyre et ai, 1996; Fujita et 
ai , 1 9 9 7 ; Kawasaki et ai, 1 9 9 8 ). However, the efficacy of 
ribozymes in vitro is not necessarily correlated with 
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functional activity in vivo. Some of the reasons for this 
ineffectiveness in vivo are as follows. i) Cellular 
proteins may inhibit the binding of the ribozyme to its 
target RNA or may disrupt the active conformation of the 
ribozyme. ii) The intracellular concentration of metal 
ions essential for r i b o z y m e - m e d i a t e d cleavage might not be 
sufficient for functional activity. iii) Ribozymes are 
easily attacked by RNases. However, we are now starting to 
understand the parameters that determine ribozyme activity 
in vivo (Bertrand and Rossi, 1 9 9 6 ; Bertrand et ai., 1 9 97 ; 
Gebhard et al., 1997). Studies in vivo have suggested that 
the following factors are important for the effective 
ribozyme - media ted inactivation of genes: a high level of 
ribozyme expression (Yu et ai., 1993); the intracellular 
stability of the ribozyme (Rossi and Sarver, 1990; Eckstein 
and Lilley, 1 9 9 6); c o - 1 o c a 1 i z a t i o n of the ribozyme and its 
target RNA in the same cellular compartment (Sullenger and 
Cech, 1 9 9 3 ; Bertrand et al. , 1 9 97); and the cleavage 
activity of the transcribed ribozyme (Thompson et ai., 
1995). Recently, it was shown that these various features 
depend on the expression system that is used (Bertrand et 
ai . , 1 9 97 ). 

The RNA polymerase II (pol II) system, which is 
employed for transcription of mRNAs, and the polymerase 
III (pol III) system, employed for transcription of small 
RNAs, such as tRNA and snRNA, have been used as ribozyme 
expression systems (Turner, 1997). Transcripts driven by 
the pol II promoter have extra sequences at the 3' and 5' 
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ends (for example, an untranslated region, a cap 
structure, and a polyA tail), in addition to the coding 
region. These extra sequences are essential for stability 
in vivo and functional recognition as mRNA . A transcript 
containing a ribozyme sequence driven by the pol II 
promoter includes all those sequences, unless such 
sequences are trimmed after transcription (Taira et al., 
1991; Ohkawa et al., 1993). As a result, in some case, the 
site by which the ribozyme recognizes its target may be 
masked, for example, by a part of the coding sequence. By 
contrast, the pol III system is suitable for expression of 
short RNAs and only very short extra sequences are 
generated. In addition, expression is at least one order 
of magnitude higher than that obtained with the pol II 
system (Gotten and Birnstiel, 1989) . Thus, it was 
suggested that the pol III system might be very useful for 
expression of ribozymes (Yu et al., 1993; Perriman et ai., 
1 9 95) . However, in many cases, the expected effects of 
ribozymes could not be achieved in spite of the apparently 
desirable features of the pol III system (lives et al, , 
1996; Bertrand et aJ.» 1997) 



DISCLOSURE OF THE INVENTION 

In order to investigate the parameters that determine 
ribozyme activity in vivo, we designed three types of ribozyme 
with an identical ribozyme sequence, driven by tRNA''*^ promoter 
which is a pol III promoter, and demonstrated that the entire 
structure of the transcript (ribozyme to which the sequence of 
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tRNA"'*^ is added (hereinafter termed " tRNA''"^ - r ibozyme " ) ) 
determined not only cleavage activity but also the 
intracellular half-life of the ribozyme. All the chimeric 
tRNA^*^ - r ibozymes that were transcribed in the cell nucleus 
were exported to the cytoplasm. Thus, the ribozymes and 
their target were present within the same cellular 
compartment. Under these conditions, we found that the 
intracellular half-life and the steady-state level of each 
tRNA""*^ - r ibozyme were the major determinants of functional 
activity in vivo. Moreover, we demonstrated that cells 
that expressed a specifically designed ribozyme with the 
longest half-life in vivo were almost completely resistant 
to a challenge by HIV-1. Further, by establishing a small 
bulge structure ("bulge" refers to, in the case where RNA 
adopts a hairpin structure, a portion where there is a 
protruding s i n g 1 e - s t r a n d e d structure of unmatched base 
pairs) at the amino-acyl stem portion of the tRNA^*^ 
structure, avoidance of recognition from the mature enzyme 
can be achieved and as a result, any RNA sequence 
comprising a ribozyme sequence connected to the 3 end can 
be made to exist i n t r a c e 1 1 u 1 a r 1 y in a form where it is 
connected to tRNA^*V Any RNA comprising a ribozyme sequence 
connected to the 3' end of the tRNA''*^ structure of the 
present invention, due to the properties of the tRNA 
structure, is transported stably and efficiently to the 
cytoplasm. This is of particular importance for the 
intracellular function of the ribozyme. 

A summary of the present invention is presented as 
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follows : 

1. A ribo^yme comprising a nucleotide sequence having the 
following base sequence (I) or (II) : 

base sequence (I) : 5* - ACCGUUGGUUU CCGUAGUGUAGUGGUUAUCACGUUCG 
CCUAACACGCGAAAGGUCCCCGGUUCGAAACCGGGCACUACAAACACAACACUGAUGA 
GGACCGAAAGGUCCGAAACGSGCACGUCGGAAACGGUUUUU - 3 ' 

base sequence (II) : 5 ' - ACCGUUGGUUUCCGUAGUGUAGUGGUUAUCACGUUC 

GCCUAACACGCGAAAGGUCCCCGGUUCGAAACCGGGCACUACAAACCAACACACAACA 

\ 

CUGAUGAGGACCGAAAGGUCCGAAACG^GCACGUCGGAAACGGUUUUU-3 ' 

2. An expression vector comprising DNA encoding the 
ribozyme according to 1 above. 

3. A method of producing the ribozyme according to 1 above 
comprising transcribing to RNA with expression vector DNA 
as a template, wherein said expression vector DNA 
comprises DNA encoding the ribozyme according to 1 above. 

4. A pharmaceutical composition comprising the ribozyme 
according to 1 above or the expression vector according to 
2 above, as an effective ingredient. 

5- The pharmaceutical composition according to 4 above for 
the prevention and/or treatment of acquired immune 
deficiency syndrome. 

6. A method of specifically cleaving a target RNA using the 
ribozyme according to 1 above. 

7. The method of 6 above wherein the target RNA is HIV-1 
RNA . 

8. An RNA variant (mature tRNA^'^M adopting the following 
secondary structure (I), wherein said RNA variant 
comprises a bulge structure introduced in the region in 



5 



which hydrogen bonds form between nucleotides 8 to 14 and 
nucleotides 73 to 79. 
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9. The RNA variant of 8 above wherein a bulge structure 
is introduced by substituting all or part of the sequence 
of the region corresponding to nucleotides 73 to 79 within 
a nucleotide sequence of an RNA adopting secondary 
structure (I) . 

10. The RNA variant according to 8 above consisting of the 
sequence of a region corresponding to nucleotides 1-80 
within a nucleotide sequence represented by SEQ ID NO: 1, 

11. The RNA variant according to 8 above consisting of the 
sequence of a region corresponding to nucleotides 1-86 
within a nucleotide sequence represented by SEQ ID NO: 2. 

12. An RNA comprising the RNA variant of 8 above and a 
selected RNA chain linked thereto. 

13. The RNA according to 12 above wherein selected RNA 
chain is a ribozyme or an antisense RNA. 
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14. The RNA according to 12 above wherein a bulge structure 
is formed with any nucleotide of an RNA chain linked to 
the 3' terminus and any nucleotide of the region of 
nucleotides 8 to 14 within the nucleotide sequence of an 
RNA adopting secondary structure (I) . 

15. An expression vector comprising DNA encoding the RNA of 
12 above. 



Having consideration for the transcription amount, 
stability and p o s t - t r a n s c r i p t i o n activity of ribozymes, we 
selected human tRNA''^^ promoter which is involved in a 
polymerase III system, as an expression system therefor, 
and examined whether there was any difference in ribozyme 
effect in vivo due to the way in which the ribozyme was 
linked to this promoter. In other words, we focussed on 
intracellular stability which is an important factor in 
obtaining significant ribozyme effect in vivo, and post- 
transcription activity, and set out to clarify the 
relationship between the high-order structure of ribozymes 
and these factors. 

First, we designed a hammerhead ribozyme targeting a 
relatively conserved sequence of HIV - 1, and constructed 
four expression systems by attaching this gene to 
downstream of the tRNA^"*^ promoter via various sequences. As a 
vector for the construction of these expression systems we 
used pUC19 (Takara), however, other vectors such as pGREEN 
LANTERN (Life Technologies Oriental, Inc.) and pHaMDR 
(HUMAN GENE THERAPY 6:905-915 (July 1995)) may also be used. 



Also, oligonucleotide sequences necessary for the 
construction of these expression systems can be chemically 
synthesized with a DNA/RNA synthesizer (Model 394; Applied 
Biosystems, Division of Perkin Elmer Co. (ABI) , Foster 
City, CA ) . 

From predictions made using Zuker's method, it was 
thought that differences in the linker sequence used to 
connect the tRNA^*^ promoter and hammerhead ribozyme would 
exert great influence on the secondary structure of the 
recognition site of the ribozyme (See Figure 1) . According 
to this prediction map, it was clear that whereas the 
overall secondary structure of the ribozyme was almost the 
same, the degree of freedom at the s ub s t r a t e - b i n d i n g site 
differed greatly. It is clear that whereas both substrate 
binding sites form a stem structure within the molecule in 
Rzl, one binding site in Rz2, and both binding sites in 
Rz3 protrude to the outside. In the case of Rz3, the 
protruding substrate binding site may be masked by 
protein. However, since a ribozyme is an RNA enzyme and 
both binding ability and d i s a s s o c i a t i on ability with a 
substrate are important factors in its activity, Rz3 was 
expected to be the best in terms of cleavage ability. We 
performed a reaction using i n t r a c e 1 1 u 1 a r 1 y transcribed 
ribozymes, in an in vitro system under the following 
conditions: 40mM Tris-Cl (pH8.0), 8mM MgClj , 5mM DTT, 2mM 
Spermidine, 2 \J / /a 1 RNase inhibitor, 30 M g total RNA. At 
this time, the ribozyme content in total RNA was made 
constant. The results showed that ribozyme activity toward 
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short substrates that were transcribed in vitro and 
r a d i oa c t i V e 1 y labeled depended on the degree of freedom at 
the recognition site (See Figure 2) . Further, stability of 
the ribozymes was examined. With the expression amount of 
a control gene made constant, we conducted a comparative 
study of each ribozyme amount. The difference in ribozyme 
structure also affected stability. The reason why 
structures having such little overall difference exert 
this influence is not clear, however, a difference of 
approximately 25 times was exhibited as between the most 
stable and the least (Figure 3B) . 

We next examined the relationship between ribozyme 
activity in vitro and in vivo effect, which as discussed above 
is as yet unclear. First, using a luciferase gene as a 
reporter gene, a system for evaluating ribozyme effect was 
constructed wherein ribozymes are allowed to act on a 
fusion gene of this reporter gene and the sequence pNL4-3 
(an HlV-1 clone), and luciferase activity in the cell 
extract is measured (See Figure 3A) . A comparison of each 
of the ribozymes showed that the one with the highest 
intracellular stability exhibited highest activity 
suggesting the importance of stability (See Figure 4) . 

The above discussion relates to an evaluation of ribozyme 
effect on an artificial fusion gene of a luciferase gene and a 
HIV-1 sequence, in cultured cells. Therefore, it may be 
difficult to judge that these results are the equivalent of 
results that could be obtained in an organism. Thus, we 
performed an evaluation of ribozyme effect against actual 
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HIV-1 {See figure 5) , A ribozyme expression system 
t r a n s f o r ma n t was infected with HIV-1, and virus growth was 
measured by measuring the amount of p24 (core protein of 
the virus) produced in serum. Results indicating a similar 
trend to our evaluation in cultured cells were obtained. 
Further, it was clear that the ribozyme with the highest 
in vitro stability exhibited very high inhibitory effect 
with production of p24 inhibited by 99% (See Figure 6C) - 
In contrast, the ribozyme expression system having the 
highest cleavage activity in vitro was mostly unable to 
inhibit growth of the virus. 

In this manner it became clear that the evaluation of 
ribozyme effect with the virus indicated the same trend as the 
evaluation with the artificial substrate in cultured cells. 
Thus, the results of the once-over evaluation we performed 
are thought to be a rough guide to the effect of the 
ribozymes in vivo. Further, from the results of these 
experiments both in vitro and those dealing with a virus, 
it is clear that to obtain significant intracellular 
effect of the ribozyme, while activity is important, 
intracellular stability is of greater importance. The fact 
shown in the case described herein, that even ribozymes 
whose sequences have little differences lead to great 
differences in effect in vivo depending on the linkage to 
the expression system, must be fully considered. The above 
result also suggests that it is important to design 
ribozymes with high stability while considering the 
influence of higher structures comprising added sequences 
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for expression on their stability 



tRNA is first recognized i n t r a c e 1 1 u 1 a r 1 y with its 
promoter sequence consisting of sequences known as A box 
and B box within its structural sequence, and transcribed 
with the extra sequences connected to the 5' and 3' ends. 
Next, with to the action of a plurality of mature enzymes 
which exist within cells, extra sequence are eliminated to 
form mature tRNA. In the action of these enzymes, the 
structure of the portion known as the amino-acyl stem 
becomes an important determinant of structure recognition. 
We found that by establishing a small bulge structure at 
the portion, it was possible to avoid the action of the 
mature enzyme. For example, in Figure 1, each of Rzl, Rz2 
and Rz3 has a small bulge structure at the amino-acyl 
stem, and as a result, the ribozyme sequence of the 
transcribed RNA is not eliminated (Figure 3B, 7A and 
determined base sequence) . Such a property is not due to 
the 3' end sequence being a ribozyme but is due to the 
bulge structure at the amino-acyl stem portion, 
consequently, any RNA sequence comprising antisense may be 
used. 

Typically tRNA undergoes a series of processings 
before transportation from the nucleus including the 
removal of extra sequences at the 5' and 3' ends by a 
mature enzyme, removal of any introns by splicing 
mechanism, modification of specific bases, and addition of 
a sequence consisting of 5'-CCA-3' to the 3' terminus and. 
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in some cases addition of amino acids suitable for said 
tRNA ( am i n o - a c y 1 a t i o n ) . 

However, the tRNA of the present invention is 
actively transported out of the nucleus without being 
subject to, from among the above series of modifications, 
at least, removal of extra sequences at the 5' and 3* ends, 
addition of a CCA sequence to the 3' end, and subsequent 
amino acylation (Figure 7A) . This is likely because 

establishing a bulge in the amino acyl stem portion 
results in avoidance of action by mature enzymes and 
following addition of CCA sequence followed by amino 
acylation, and the entire structure resembles that of the 
original tRNA. This inference was also supported by the 
fact that the one with degenerated tRNA structure (Rz4) , 
according to structure predictions using computers, was 
not transported to the cytoplasm. (Figure 7C) . This 
property of being transported from the nucleus to the 
cytoplasm does not depend on the ribozyme sequence at the 
3 ' end, and thus it is thought that any RNA sequence such 
as antisense RNA may be used similarly. 

In recent years, it has come to be understood that 
where antisense RNA and ribozyme RNA are expressed 
i n t r a c e 1 1 u 1 a r 1 y , in order to elicit their function, it is 
important that their distribution in a cell is within the 
cytoplasm. Since RNAs of the present invention form stable 
tRNA-like structures by themselves, they have the function 
of definitely transporting to the cytoplasm without 
exerting great influence on the higher-order structure of 
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the RNA linked to the 3 ' end (which is an extremely 
important property when the RNA linked to the 3' end is a 
functional RNA such as a ribozyme or antisense RNA) . 
Further, when the RNA is made into DNA, it functions as a 
promoter irrespective of cell type and it has a broad 
range of hosts (originally of human derivation, but should 
be able to express in at least all mammals.) In short, the 
present invention is most suitable for an antisense RNA 
and ribozyme RNA expression systems, and can become an 
important tool for experiments using cultured cells and 
for gene therapy in the field of medicine. Further, 
through the technique of molecular evolution engineering, 
RNA molecules with functions not found in nature, are 
recently being artificially created. If these molecules 
exhibit their functions i n t r a c e 1 1 u 1 a r 1 y , particularly in 
the cytoplasm, then the present invention will be able to 
be used as an expression system for these RNA molecules. 

Using the t RNA"* ^ - r i bo z yme of the present invention it 
is possible to specifically cleave a target RNA, 
particularly an HIV-1 RNA. 

The tRNA^'^ - r ibozyme of the present invention can be 
used as a medicine especially for the prevention and/or 
treatment of acquired immune deficiency syndrome. For 
example, the transcription of HIV can be inhibited by 
encapsulating the t RN A""* ^ - r i b o z y m e of the present invention 
in a liposome, administering this to an organism and 
allowing incorporation into cells comprising HIV. Further, 
transcription of HIV can be inhibited by incorporating DNA 
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encoding the t R N A^* ^ - r i b o z y m e of the present invention in a 
vector such as virus, introducing the vector into cell 
comprising HIV to allow intracellular expression of the 
vector thereby effecting production of the t RN A^"* ^ - r i b o z y m e 
of the present invention. Administration of the tRNA^*^- 
ribozyme of the present invention will depend on severity 
of the conditions of the patient and responsiveness of the 
organism, and may be conducted in appropriate amount, form 
of administration and frequency, and over a period until 
the efficacy of prevention and/or treatment can be 
recognized, or until alleviation of the patient's 
condition is achieved. 

The present specification incorporates in its 
entirety the content of the specification and drawings of 
Japanese Patent Application No. 10-244755, said 

application forming the basis of the priority claim of 
this application. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows the secondary structures of tRNA^'^- 
ribozymes that were predicted by computer folding. The 
sequence of hammerhead ribozyme (bold capital letters) was 
ligated with that of tRNA^*^ sequence (capital letters) by 
means of various linker sequences. The sequences that 
correspond to the internal promoter of s e v e n - b a s e - d e 1 e t e d 
tRNA^*^, namely the A and B boxes, are indicated by shaded 
boxes. Diagrams A to D show the secondary structures of 
tRNA"^^ - ribozyme 1 (Rzl), 2 (Rz2), 3(Rz3) and 4(Rz4), 
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respectively . 



The 
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ribozymes 
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indicated by underlining. Diagram E shows the secondary 
structure of the transcript of human placental tRNA^*^. The 
tRNA is processed at three sites (arrowheads) to yield in 
the mature tRNA^'^ (capital letters) . 

Figure 2 indicates the cleavages mediated by tRNA^*^- 
ribozyme in vitro. Panel A is a schematic representation 
of the substrate RNA (the substrate RNA corresponds to 
nucleotides 500-711 of pNL432, namely the U5 region of 
HIV-1 RNA) . The substrate RNA was cleaved into two 
fragments by the tRNA^^^-ribozyme (5* fragment, 70-mer; 3' 
fragment 156-mer) . Panel B is an a u t o r a d i o g r am showing the 
results of cleavage reactions. Lanes; M, markers; vector, 
tRNA^*^ vector alone without a ribozyme; Rzl - ribozyme 1; 
Rz2 - ribozyme 2; and Rz3 - ribozyme 3. 

Figure 3 indicates the stability of t RN A^* ^ - r i b o z y m e 
in vivo. Panel A is a schematic representation of pUC-Rr 
that allowed normalization of the efficiency of 
transfection by the use of a reference gene. The reference 
gene was expressed downstream of the r i b o z y m e - e x p r e s s i o n 
cassette. The sequences of the promoter and terminator 
were the same, respectively, in the two expression 
cassettes. Panel B shows steady-state levels of expression 
of t RN A^^^ - r i b o z y m e . This figure shows Northern blotting 
analysis with the probe specific for the ribozyme (upper) 
and for the reference gene (bottom) . Figure C indicates 
the half-lives of t R N A^ * ^ - r i b o z y m e s in stably ribozyme- 
transduced cells. The circles indicate relative amounts of 
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tRNA^*^ - r ibozyme 1 (Rzl) . Squares and diamonds indicate 
relative amounts of ribozyme 2 (Rz2) and 3 (Rz3) , 
respectively. Bars show S.E. of results from 3 assays. 

Figure 4 shows the inhibition of production of the U5 
L TR - 1 u c i f e r a s e fusion gene in HeLa cells. Panel A. 
Transient expression in HeLa cells. Both the target- 
expressing plasmid and pUCdt-Rz encoding a ribozyme were 
used to co-transfect HeLa cells. Panel B. Transient 
expression in stably r i bo z yme - t r an s du c e d cells. Two 
independent clones were selected for each construct with 
similar levels of transcription of the inserted gene 
( tRNA^*^ or t RN A^*^ - r i bo z y me ) . Only the t a r g e t - e x p r e s s i n g 
plasmid was used to transfect r i bo z y m e - p r o d u c i ng HeLa 
cells. Bars show S.E. of results from 5 assays. 

Figure 5 is a schematic representation of the HIV 
vector. The expression cassette for each t RN A^* ^ - r i b o z y me 
was inserted into the Sail site immediately upstream of 
TK-neo"*^ in H I V - I - d e r i v e d vector (A) to yield a retroviral 
vector, HIVRibo.N, that encoded a t RN a''^ ^ - r i b o z y me ( B ) . 
indicates a packaging signal. 

Figure 6 shows quantitation of the expression of 
t RN A^* ^ - r i bo z yme in stably r i b o z y m e - t r a n s du c e d H9 cells 
(CD4+ T cells) and inhibition of production of p24 in the 
transduced cells. Panel A. Quantitation of results, shown 
in B, of Southern blotting analysis of the RT-PCR- 
amplified ribozyme from two independent clones of 
r i b o z y m e - t r a n s d u c e d H9 cells. Products of PGR after 13, 
15, and 17 cycles were analyzed by Southern blotting using 
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a ^^P-labeled oligonucleotide probe. Squares and circles 
indicate the results with transduced cells of the ribozyme 
2 (Rz2) and the ribozyme 3 (Rz3) , respectively. Panel B 
indicates the results of Southern blotting. Panel C. Cells 
were cultured for 11 days after infection with HIV-1 
NL432. Small aliquots of supernatant were prepared from 
each culture on days 3, 7, and 11. Levels of p24 antigen 
were determined by HIV-1 a n t i g e n - c a p t u r e ELISA. The 
triangles indicate the result of t RN A^" ^ - r i b o z y me 1 (Rzl) . 
Squares and circles indicate the results with the ribozyme 
2 (Rz2) and ribozyme 3 (Rz3) , respectively. Triangles 
indicate the results with the control. 

Figure 7 shows intracellular localization of the 
t RN A^^ ^ - r i b o z y m e . Northern blotting analysis was performed 
using RNA from each intracellular fraction. Nucleic and 
cytoplasmic RNAs were prepared separately from cells that 
had been stably transduced with the gene for a ribozyme 
(the t RNA^*^ - r i bo z yme - p r oduc i ng HeLa cells used in the 
experiments for which results are given in Figure 4B) . A 
and C show the results obtained with a '^P-labeled probe 
specific for the t RN A^" ^ - r i b o z y m e . B and D show controls: 
Contamination of the cytoplasmic fractions was examined 
with a probe specific for the transcript of the natural U6 
gene. 



BEST MODE FOR CARRYING OUT THE INVENTION 

Below, the present invention will be explained in further 
detailed by means of examples. However, this is not 
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intended to limit the scope of the present invention to 
these exampl es . 

Ex amp 1 e s 

Materials and Methods 

Construction Q_f pl^smids 

The plasmids (pUCdt-Rz series) that expressed each 
tRNA""^ - r ibozyme were constructed as follows. Both sense 
and antisense oligonucleotide linkers encoding the 
sequence of the promoter region, derived from the human 
gene for placental t RN A""^ ' ( p H t V 1 ; Arnold et al., 1 9 8 6 ), were 
annealed and ligated into the EcoRI/Sall site of pUC19. 
The sequences of the oligonucleotide linkers were as 
follows: sense, 5'-aat tea gga eta gtc ttt tag gtc aaa aag 
aag aag ctt tgt aac cgt tgg ttt ccg tag tgt agt ggt tat cac 
gtt cgc eta aca egc gaa agg tec ccg gtt cga ag-3' (SEQ ID 
NO: 6); antisense, 5'-tcg act teg aac egg gga cet ttc geg 
tgt tag geg aac gtg ata ace act aca eta egg aaa eca aeg gtt 
aca aag ctt ctt ctt ctt ttt gae eta aaa gae tag tec tg-3' 
(SEQ ID NO: 7) . Next, both sense and antisense 
oligonucleotide linkers that encoded the terminator 
sequence were also annealed and ligated into the NspV/Sall 
site of pUC19 that contained the sequence of the promoter 
region. The sequences of oligonucleotide linkers were as 
follows: sense, 5*-cga aac egg gea ccc ggg gaa tat aac etc 
gag cgc ttt ttt tct ate geg tc-3' (SEQ ID NO: 

8); antisense, 5*-tcg aeg cga tag aaa aaa age get cga ggt 
tat att ccc egg gtg ccc ggt tte-3' (SEQ ID NO: 9). The 
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resultant plasmid which contained the A and B boxes of 
tRNA^*"^ and a terminator, was designated pUCdt. 

DNA fragments encoding the sequence of each ribozyme and 
the tRNA"*^ portion were amplified by PGR using pUCdt as a 
template with an upper primer (5*-cgc cag ggt ttc cca gtc 
acg ac-3*) (SEQ ID NO: 10) and a lower primer that 
included the sequences of both the ribozyme and the 
terminator (Rzl, 5'-ctg cag gtc gac gcg ata gaa aaa aag cgc 
teg agg tgc ccg ttt cgt cct cac gga etc ate agt gtt gtg tgg 
gtg ccc ggt ttc gaa ccg gga cct tt-3' (SEQ ID NO: 11); Rz2, 
5*-ctg eag gtc gac gcg ata gaa aaa aac cgt ttc cga cgt gee 
cgt ttc ggt cct ttc ggt cct cat cag tgt tgt gtt tgt agt gee 
egg ttt cga ace ggg gac ctt t-3* (SEQ ID NO: 12); Rz3, 5*- 
ctg cag gtc gac gcg ata gaa aaa aac cgt ttc cga cgt gcc cgt 
ttc ggt cct cat cag tgt tgt gtg ttg gtt tgt agt gcc egg ttt 
cga ace ggg gac ctt t-3' (SEQ ID NO: 13)) . After digestion 
of products of PGR with the EcoRI and Sail, each fragment 
was ligated into the EcoRl/Sall site of pUC19 to yield 
pUCdt-Rz. The sequences of pUCdt and pUGdt-Rz series were 
confirmed by direct nucleotide sequencing. The members of 
pUG-Rr series, which contained a reference g en e - e x p r e s s i o n 
cassette in addition to the gene for the t RN A^' ^ - r i b o z y me 
(see Figure 3A) , were constructed by inserting the PvuII 
fragment of pUCdt into the HincII site of each pUGdt-Rz. 
The direction of the inserted fragment was confirmed by 
digestion with restriction enzymes. The pHyg dt-Rz series, 
which was used for generation of the r i b o z y m e - t r a n s d u c e d 
HeLa cells, was constructed by inserting each PvuII-Sall 
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fragment of the pUCdt-Rz series into the EcoRV/Sall site 
of pHyg (Yates et al., 1984) . All oligonucleotide linkers 
and primers for PGR were synthesized by a DNA/RNA 
synthesizer (model 392; PE Applied Biosystems, Foster City^ 
CA) . 

Recombinant HIV vector plasmids were constructed as 
follows. A 2.0-kbp BamHI fragment that encoded the 
bacterial neo"^ gene cassette from pMCl neo (Thomas and 
Capecchi, 1987) was inserted into the Sail site of an HIV- 
1-derived vector (Figure 5A;Shimada et al . , 1991). Then, 
the tRNA^^^ - r ibozyme expression cassette was cloned into 
the Sail site, immediately upstream of TK-neo"", as shown in 
Figure 5B . 

cui ture aj3Jl tr^nsfec tion q_£ cells 

HeLa and Cos cells were cultured in Dulbecco's 
modified Eagle's medium (DMEM; Gibco BRL, Gaithersburg, MD 
supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco 
BRL) and 45 g/ml gentamycin (Gibco BRL) . To select 

r i bo z yme - t r a n s du c e d cells, hygromycin B was used at a 
final concentration of 3 0 0 At g/ml. H9 cells were cultured 
in RPMI (Gibco BRL) supplemented with 10% fetal calf serum 
(FCS; Gibco BRL). 

Cells were transfected using the Lipofectin reagent (Gibco 
BRL) according to the manufacturer's protocol. A recombinant 
HIV vector plasmid (HIVRib.N; shown in Figure 5B) was used to 
transfect H9 cells by the CaPO^ c o - p r e c i p i t a t i o n . 



Preoara t ion o f RNA 
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Total RNA was extracted by the guanidinium thiocyanate- 
phenol - chlorof orm-method . Cytoplasmic RNA and nuclear RNA were 
separated as described previously (Huang and Carmichael, 1996). 



Measurement of the steady-state lev e l S and half-liveg Q_f_ 

r ibozvmes 

The steady-state level of each ribozyme was measured as 
follows. HeLa cells (1 x 10^ cells/lO-cm plate) were 
transfected with each pUC-Rr. Two days after t r a n s f e c t i on , 
total RNA was isolated from these cells. The amount of the 
reference RNA, located downstream of t RN A^^ ^ - r i b o z y me in 
the isolated total RNA, was quantified first by Northern 
blotting analysis with a probe specific for the reference 
RNA (5'-aaa teg eta taa aaa gcg etc gag gtt atg etc ccc ggg 
t-3') (SEQ ID NO: 14) . The amount of the reference DNA in 
each sample was maintained at a constant value and the 
level of total RNA in each sample was also kept constant 
by addition of RNA isolated from u n t r a n s f e c t e d HeLa cells 
as necessary. Finally, hybridization was repeated with a 
probe specific for the ribozyme (5*-ctc ate tgt gtt gtg t- 
3') (SEQ ID NO: 15) or the probe specific for the 
reference RNA (Figure 3B) . 

The half-life of each ribozyme was determined by 
Northern blotting analysis after treatment of cells with 
actinomycin D as described previously (Huang and Gerlach, 
1 9 9 6) . In brief, cells were exposed to actinomycin D at a 
final concentration of 5 M g/ml for 0, 60, 120 or 180 min 
and, at each time point, total RNA was isolated (Figure 
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3C) . The amount of ribozyme in each preparation of 
isolated RNA was determined by Northern blotting. 

Cleavage assay 

Total RNA was isolated from HeLa cells transfected 
with each pUCdt-Rz or pUCdt. The amount of ribozyme in 
each preparation of isolated RNA was determined by 
Northern blotting with the probe that was specific for the 
ribozyme. Then the concentration of each ribozyme was 
adjusted to the same value by addition of RNA isolated 
from un t r an s f e c t e d HeLa cells. The substrate RNA that 
encoded the U5 LTR region of HIV-1 (Figure 2A) was 
prepared by T7 transcription and radiolabeled with ^^P. 
Cleavage reactions were allowed to proceed in a 50- At 1 
reaction mixture [40mM Tris-HCl (pH 8.0) , 8mM MgCls* 5 mM 
di thio threi tol (DTT), 2mM Spermidine, 40 U of placental RNase 
inhibitor, 3 0 At g of total RNA, Skcpm of radiolabeled substrate 
RNA] at 37 ''C for 12 h. Products were identified after 
electrophoresis on 6% po 1 y a c ry 1 ami de gel/7M urea gel (Figure 
2B) . 



Lucif erase assay 

Luciferase activity was measured with the Dual- 
Luc i f e r a s e Reporter Assay System (Promega, Madison, WI) 
according to the manufacturer's protocol. HeLa cells 
transfected with pUCdt-Rz and the t a r g e t - e x p r e s s i n g 
plasmid (Figure 4A) or r i b o z y m e - p r o du c i n g HeLa cells that 
had been transduced with the t a r g e t - e x p r e s s i n g plasmid 
(Figure 4B) were lysed in 150 1 o f 1 x Passive lysis 
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buffer for 15 min and scraped off the plate. The cell 
debris was removed by c e n t r i f u g a t i o n . After addition of 20 
/X 1 of the centrofuged lysate to 100 M 1 of Luciferase 
Assay Reagent II, the luminescent signal was immediately 
quantitated with a luminometer (Lumant LB 9501; Berthold, 
Bad Wildbad, Germany). Furthermore, for normalization of 
the activity of firefly luciferase, we measured the 
luminescent signal generated by Renilla luciferase by 
adding 100 1 of Stop & Glo^" Reagent to the sample tube 
immediately after quantitation of the reaction catalyzed 
by firefly luciferase. The recorded value of firefly 
luciferase activity was normalized by reference to the 
activity of Renilla luciferase (Figure 4). 

Each normalized value of firefly luciferase activity 
was further normalized by reference to the concentration 
of protein in the lysate. The protein was quantitated with 
a Protein Assay Kit (Bio-Rad, California, USA) which was 
based is Bradford's method. 

HRLa cells stabiv t r ansduced with a ribozyme 

Ribozyme- transduced cells were obtained by transfecting 
HeLa cells with pHyg dt or a member of the pHyg dt-Rz series 
and selection in DMEM that contained 3 00 ^ g/ml hygromycin B 
(Wako Chemicals, Osaka, Japan) . Twelve h after t r an s f e c t i on , 
the medium was replaced by growth medium and the cells were 
cultured for another 48 h. The cells were subcultured at a 
dilution of 1:5 in DMEM that contained 3 0 0 ^ g/ml hygromycin B 
(selection medium) . The medium was replaced by fresh medium 
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every three days. Cells resistant to hygromycin B were expanded 
in DMEM that contained 2 5 0>c/g/ml hygromycin B. 

Production of virus and trans duction Q_L the r ibozyme — hy. — aJL 

HIV vector 

A supernatant containing recombinant virus was produced as 
described previously (Shimada, 1991). Cos cells (2 x 10^ 
cells/lO-cm dish)were cultured and transfected with 10 M g 
of the packaging vector plasmid and 1 0 g of the recombinant 
HIV vector plasmid (HIVRib.N; shown in Figure 5) . The 
supernatant, which contained recombinant virus, was 
collected after 48 h and filtered through a 0.22 fJ^ m pore 
filter. Then 2 x 10^ H9 cells were incubated with 5 ml of 
the filtered supernatant that contained 6 ^g/ml Polybrene"^" 
(Abbott Laboratories) . After 24 h, the medium was replaced 
with RPMI supplemented with 10% FCS and 1 mg/ml G418. These 
cells were cultured for a further 48 h and then G418- 
resistant clones were isolated. The transduction of the 
ribozyme gene was confirmed by RT-PCR analysis. 

Quantitation of t RN A"'^ ' - r i b o z vm e produced in H 9 — cells 

Quantitative RT-PCR was carried out as follows (Ozawa et 
ai . , 1990; Hamblet and Castora, 1995). Total RNA was extracted 
from H9 cells that had been stably transduced with a ribozyme. 
cDNA was synthesized in a 20- At 1 reaction mixture [ 1 g o f 
total RNA, 20mM Tris-HCl (pH 8.3), 50 mM KCl, 5 mM MgCl^, 1 
mM dNTP, 1 pmol of primer(for 0 -actin, 5*-gtg gcc ate tct 
tgc teg aa-3'{SEQ ID NO: 16); for ribozyme : 5'-gac ctt teg 
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gtc etc atc-3* (SEQ ID NO: 17)) and 0.25 U/ml Moloney murine 
leukemia virus Rtase (Takara Shuzo, Kyoto, Japan)) at 4 2 °C for 
3 0 min . 

cDNA for 13 -actin was amplified by PGR with two 
oligonucleotide primers (upper, 5'-gac tac etc atg aag ate 
et-3'(SEQ ID NO: 18); lower: 5'-gtg gee ate tet tge teg aa- 
3'{SEQ ID NO: 19)) with 13, 15 or 17 cycles of 94 °C for 1 
min, 60 "C for 1 min and 72 °C for 2 min. Ribozyme cDNA was 
amplified by PGR with two oligonucleotide primers (upper, 
5'-gtt ate aeg ttc gee taa-3» (SEQ ID NO: 20); lower: 5'- 
gac ett teg gtc etc atc-3' (SEQ ID NO: 21)) with 13, 15 or 
17 cycles of 94 for 1 min, 55 '^C for 1 min, and 72 °C for 2 
min. 

Products of PGR after 13, 15 and 17 cycles were analyzed 
by Southern blotting with a radiolabeled probe specific for the 
r ibozyme (5*-acg cga aag gtc ccc ggt-3MSEQ ID NO: 22)) or 
for 0 -actin (5'-gcg gga aaa teg tge gtg a-3*(SEQ ID NO: 
23) ) . The radioactivity of each band (Figures 6 A and 6 
B )was measured with BAS2000 system (Fuji Film, Tokyo, 
Japan) . 

HIV-1 challenge assay 

H9 cells transduced with the ribozyme by the HIV 
vector (HIVRib.N) and mo c k - t r a n d u e e d control cells were 
incubated with NL432 at a m.o.i. (multiplicity of 
infection) of 0.01 for 4h. After two washes with PBS, 
these cells were cultured at 1 x 10^ cells/ml in RPMI 1640 
medium supplemented with 10% FCS. The supernatant was 
collected on days 3, 7, and 11 after viral infection. The 
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level of the p24 antigen of HIV-1 in each supernatant was 

determined with an HIV-I a n t i g e n - c a p t u r e ELISA test kit 

(DAINABOT, Tokyo, Japan) according to the manufacturer's 
protocol . 



Resul t? 

Secondary g true tures al t RNA""^' - ribozymes and their 

C 1 e ava ge activities in vitro 

To construct a pol Ill-driven r i bo zyme - expr e s s i on 
cassette, we cloned a ribozyme sequence targeted to the 5 
leader sequence of HIV-1 RNA (Adachi et aJ., 1986 ; Yu et 
al. y 1 9 9 3 ) adjacent to the sequence of a tRNA''^^ promoter, 
with three kinds of short linker between them (linker 
sequences are indicated by lowercase letters and ribozyme 
sequences are indicated by bold capital letters in Figure 
1) , to yield a set of pUCdt-Rz plasmids. The insertion of 
the short linkers changed the overall structure of the 
transcripts and, thus, affected the accessibility of the 
recognition arms of the ribozyme (recognition arms are 
underlined) . Naturally, it is important that both the 5' 
and 3' s u b s t r a t e - r e c o g n i t i o n arms of the ribozyme be 
available to the substrate so that the ribozyme can form 
the stem structures with the substrate RNA that ensure 
subsequent cleavage of the substrate. In order to clarify 
the relationship between structure and functional 
activity, we chose linkers that altered the extent of 
availability of the recognition arms. Figure 1 shows the 
secondary structures of the t RN A^* ^ - r i bo z y me s (sequences 



26 



corresponding to A and B boxes are shaded), as predicted 
by computer modeling (Mulfold Biocomputing Office, Biology 
Department, Indiana University, IN, USA). In one case 
(Figure lA), the linker was inserted before the terminator 
sequence and restricted the flexibility of the 3' 
substrate recognition arm of the ribozyme. In addition, 
the 5' s ub s t r a t e - r e c og n i t i o n arm was unavailable. 
Therefore, in the case of t RNA''* ' - r i bo z y me 1 (Rzl in Figure 
lA) , both 5' and 3* s ub s t r a t e - r e c o g n i t i o n arms were mostly 
embedded in a helical structure. t RN A""* ^ - r i b o z y me 2 (Rz2) 
has one restricted s ub s t r a t e - r e c o g n i t i o n arm on the 5' 
side. By contrast, t RN A'''' ' - r i bo z ym e 3 (Rz3) had no 
restricted s ub s t r a t e - r e c o g n i t i o n arms and both arms were 
available for binding to the substrate. Judging from the 
flexibility of the s ub s t r a t e - r e c og n i t i o n arms, we might 
expect that the cleavage activity of Rz3 would be the 
highest, followed by Rz2 and Rzl in that order. The base 
sequences of Rzl-3 are represented in SEQ ID NOS: 3, 1 and 
2, respectively. 

To examine whether the above ribozymes had the 
cleavage activity that we predicted from their secondary 
structures, (Figure 1) we first compared activities in 
vitro. Total RNA was isolated from HeLa cells that had 
been transfected with various pUCdt-Rz, plasmids that 
encoded the above ribozymes ( t RN A"" ^ - r i b o z y me ) . We mixed a 
fixed amount (based on Northern blotting data) of each 
ribozyme within the isolated RNA and radiolabeled 
substrate RNA to initiate the cleavage reaction, and we 
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monitored the progress of each reaction, after a 12-h 
incubation, on a 6% p o 1 y a c r y 1 a m i d e / 7 M urea gel (Figure 
2) . As expected, the cleavage activity of Rz3, with both 
recognition arms available, was the highest, followed by 
that of R22, while that of Rzl, with both recognition arms 
unavailable, was very low. It was, therefore, clear that 
the cleavage activity of t RN ^ - r i b o z y m e s in vitro could 
be deduced from their c ompu t e r - g e n e r a t e d secondary 
structures . 

Steady-state levels and half-lives ^ tRNA""^' - ribozymes 

We expected that minor structural changes would 
occur in the entire structure as a result of the linker 
sequence. Thus, the linker should exert considerable 
influence on the stability of each ribozyme in vivo. We 
compared the intracellular stability of each tRNA^*^- 
ribozyme using two different approaches, as follows. We 
compared the steady-sate level of each transcript from 
HeLa cells that had been transiently transfected with pUC- 
Rr (a sequence of a reference gene was added to each 
ribozyme-coding pUCdt-Rz plasmid to yield pUC-Rr; Figure 
3A) by Northern blotting analysis (transient expression 
assay) . The level of expression of each t RN A^* ^ - r i b o z y m e 
was normalized by adjusting the amount of the transcript 
of the reference gene, which was connected, in tandem, in 
the same plasmid (pUC-Rr; figure 3A). Transcripts of about 
150 nucleotides in length (corresponding to the size of 
chimeric t RN A ^ - r i b o z y m e ) were detected in all samples of 
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RNA that we isolated from HeLa cells that had been 
transfected with each plasmid that encoded a tRNA"'^- 
ribozyme. The steady-state levels of the t RN A"' ^ - r i b o z y me s 
differed over a 30-fold range of concentration. The level 
of Rz2, which was the highest, was about 26 times that of 
Rzl, which was the lowest, and the level of Rz3 was about 
5 times that of Rzl. Since no modifications had been made 
in the promoter region of each r i bo z yme - exp r e s s i on 
cassette and, thus, since the efficiency of transcription 
was assumed to be the same in each case, we postulated 
that these differences among steady-state levels of 
transcripts were a consequence of the stability in vivo of 
each respective transcript. 



As a second approach and to test the above 
hypothesis, we attempted to compare the stability of each 
transcript under more natural, intracellular conditions. 
We established stable HeLa t r a n s f o r ma n t s that produced 
each tRNA""*^ - r ibozyme and measured the intracellular half- 
life of each transcript directly by interrupting cellular 
transcription with actinomycin D. As shown in Figure 3C, 
the rate of degradation of Rz2 was lower than those that 
of Rzl and of Rz3. The half-life of Rz2 (100±10 min) was 
more than twice that of Rzl (35±2min) and Rz3 (40±15min) . 
These results were in good agreement with the results of 
the transient expression assay and supported our 
hypothesis that the difference in the steady-state level 
of transcripts was due to the stability in vivo of each 
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transcript rather than to any differences in the 
efficiency of transcription. 

Intracell ular activ ities of t rna^"^ - r i bo zymp ^ 

In order to evaluate the intracellular activities of 
the tRNA"''^ - r ibozymes , we performed two types of assay. We 
first used each t RN A""' ' - r i b o z y m e expression plasmid (pUCdt- 
Rz) and a target gene expression plasmid, which encoded a 
chimeric HIV-1 LTR (R-U5 r eg i on ) - 1 uci f er a s e gene, to co- 
transfect HeLa cells. After transient expression of both genes, 
in each cell lysate, we estimated the intracellular activity of 
each t RNA"""^ - r ibo zyme by measuring the luciferase activity. 
The luciferase activity recorded when we used the control 
plasmid (pUCdt) , with only minimal tRNA''^' promoter and 
terminator sequences instead of the r i b o z ym e - exp r e s s i on 
plasmid, was taken as 100%. As shown in Figure 4A, Rz2, 
which had the highest stability in vivo, was most 
effective (>60% inhibition), followed by Rz3 {>40% 
inhibition). Rzl was not very effective (about 10% 
inhibition), as expected from its low cleavage activity in 
vitro (figure 2B) and low stability in vivo (Figures 3B 
and 3 C ) . 

In the second assay, only the target g e n e - exp r e s s i n g 
plasmid was used to transfect stable t r a n s f o r ma n t s that 
produced almost identical levels of t RN A''* ' - r i b o z y m e 
(stable HeLa t r a n s f o r ma n t s had been picked up arbitrarily 
and those clones with almost identical levels of 
expression of the ribozyme were selected for these 
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studies) . In this experiment (Figure 4B) , with two 
independent stable t r a n s f o r ma n t s for each ribozyme, we 
observed a similar trend to that described in the 
preceding paragraph. However, in this case, the effects of 
all of the ribozymes were stronger, most probably because 
all the transformed HeLa cells produced t RN a"^ ^ - r i b o z y me 
c on s t i t u t i V e 1 y . Rz2 inhibited expression of the target 
gene to a significant level, in some cases by as much as 
9 7%. 

Although Rz3 had the highest cleavage activity in 
vitro, it failed to act more effectively than Rz2 in the 
cellular environment. These results suggest that, if a 
transcribed ribozyme is sufficiently stable within the 
cell, even if it does not have extremely high cleavage 
activity, it can have a remarkable effect in vivo. 

The ability to inhibit replication Q_f HIV - 1 

Since the above described studies demonstrated that 
Rz2 and Rz3 might have significant cleavage activity 
against the sequence of HIV-1 in vivo, we compared the 
abilities of that RN A^' ^ ^ - r i b o z y me to inhibit replication of 
the HIV-1. Using an HIV vector (Figure 5; Shimada et ai., 
1991), we obtained stable t r a n s f o r m a n t s of the H9 cell 
line that expressed Rz2 or Rz3 (since Rzl was inactive in 
studies described above, we above, we made no attempts to 
isolate stable t r a n s f o r ma n t s that produced Rzl) . Cells 
transduced with the HIV vector without a ribozyme- 
expression cassette (Figure 5A) were used as a mock 
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control. Two independent cell lines were used for 
subsequent analysis, and we detected no obvious changes in 
their growth rates over a period of 11 days, as compared 
with that of calls that did not produce either ribozyme 
(data not shown). Therefore, the ribozymes were not 
detrimental to host cells and probably only cleaved their 
target RNA with high specificity (Kawasaki et ai., 1 9 9 6, 
1 9 9 8 ) . 

Before the v i r u s - c ha 1 1 e n g e assay, we measured the 
steady-state level of each t RN A''* ' - r i b o z ym e in the 
transduced H9 cells by quantitative RT-PCR analysis. The 
results of the transient expression assay in HeLa cells 
shown in Figure 3B, namely, that the difference in steady- 
state levels of Rz2 and Rz3 was about 5-fold, were 
confirmed by the RT-PCR analysis (Figures 6A and 6B) . 
Clearly, Rz2 was more stable in vivo than Rz3. 

When we challenged stable H9 t r a n s f o r ma n t s that 
produced a t RN A"* ^ - r i b o z y m e c o n s t i t u t i v e 1 y with HIV-1 
virions, Rz2 inhibited viral replication almost completely 
(about 99%), as determined on day 11 p o s t - i n f e c t i o n 
(Figure 6C) . By contrast, to our surprise, Rz3 failed to 
inhibit viral replication at all under these experimental 
conditions. In the HIV-1 challenge assay, the difference 
between the effects of Rz2 and Rz3 was conspicuous. 

Intracellular localization o f the t R N A - r i b Q Z V m e S 

Since the c o - 1 o c a 1 i z a t i o n of a ribozyme with its 
target is clearly an important determinant of the 
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ribozyme's efficiency (Sullenger and Cech, 1993; Bertrand 
et a 1 . , 1997), it was essential to determine the 
intracellular localization of t RN A^" ^ - r i b o z y m e s . Total RNA 
from HeLa cells transduced with the Rz2 expression 
cassette was separated into nuclear and cytoplasmic 
fractions. Then, transcribed Rz2 was detected by Northern 
blotting analysis with a probe specifc for the ribozyme. 
As shown in Figure 7A, Rz2 was found predominantly in the 
cytoplasmic fraction and it was not detected to any 
significant extent in the nuclear fraction. The other 
t RNA - r i b o z yme s (Rzl and Rz3) were also localized 
predominantly in cytoplasmic fractions (data not shown) . 
U6 snRNA, which remains in the nucleus, was included as a 
control in these studies (Figure 7B) . 

Discussion 

A ribozyme is a potentially useful tool for the 
suppression of the expression of specific gene since it 
can be engineered to act on other RNA molecules with high 
specificity (Uhlenbeck, 1987; Hasseloff and Gerlach, 
1988) . Although many trials have been successful (Eckstein 
and Lilley, 1996; Turner, 1997; Scalon, 1997), it remains 
difficult to design an effective r i b o z y m e - e x p r e s s i o n 
system that can be used in vivo. One major challenge 
related to the use of ribozymes and antisense RNAs as 
therapeutics or genetic agents is the development of 
suitable expression vectors (Jennings and Molloy, 1987; 
Sullenger et ai., 1990; Bertrand et aJ., 1994, 1997; 
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Thompson et a 1 . , 1995). Two kinds of expression system 
have been used to date, as discussed in the Introduction, 
namely, the pol II system and pel III system. In this 
study, we used the pol III system and the promoter of a 
human gene for tRNA^"^ for transcription of ribozymes (Yu 
et al. , 1 9 9 3 ) . This promoter is not only suitable for 
transcription of small RNAs, but its use also facilitates 
prediction of secondary structure by computer folding. 
More importantly, it allows export of transcribed 
ribozymes from the nucleus to the cytoplasm so that the 
t RN A^* ^ - r i b o z y m e s can find with their mRNA targets. 

Design of expres sign c^ggetteg 

These secondary structure of a target mRNA determines 
its susceptibility to r i b o z y me - m e d i a t e d cleavage, and the 
ribozyme must also fold into appropriate secondary and 
tertiary structures for maximal activity. Although there 
is no guarantee that a c ompu t e r - p r e d i c t e d secondary 
structure really represents the corresponding structure 
after transcription, the structures predicted in this 
study (Figure lA-lC) were well correlated with cleavage 
activities in vitro (Figure 2) . In the expression 
cassettes, the last seven bases of the mature 
t RNA^*M i nd i c a t ed by capital letters in Figure IE) had been 
removed, without any effect on transcription, in order to 
block 3 ' - end processing of the transcript ( A d e n i y i - J o n e s 
et al., 1 9 84} . They were replaced by a linker (lowercase 
letters in Figure 1) followed by a ribozyme (bold capital 
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letters) . The freedom or availability of the substrate- 
recognition arms was adjusted by the linker sequence via 
formation of stable stem structures in combination with 
the sequence of the tRNA^*^ which accounted for about two - 
thirds of the whole sequence. Thus, it was relatively easy 
to predict, by computer folding, the secondary structure 
and the accessibility of each recognition arm. 
Furthermore, even if the sequence of the substrate 
recognition arm is changed, as long as the same rules for 
predicting overall secondary structure are used, it is 
still possible to predict the accessibility of recognition 
arms. Indeed, we have succeeded in constructing a similar 
r ibo 2 yme - exp r e s s i on system for inhibition of the 
expression of other genes (Kawasaki et al., 1 9 9 6, 1 9 9 8 ) . 
Our expression system, as shown in figures lA-lC, 
facilitates the design of an effective r i b o z y m e - ex p r e s s i o n 
cassette . 



Translocation of t RN A""^ ^ - r i b o z y m e from the nucleus the 

cy tQPlasm 

The r i b o z y me - e xp r e s s i on cassettes shown in Figures 
lA-lC allowed all the transcripts to be exported to the 
cytoplasm (Figure 7A) where they could find their mRNA 
targets, and significant inhibition by ribozymes of the 
expression of the target molecules was observed (Figures 4 
and 6C). In a previous study (Bertrand et a 1 . , 1997), 
deletion of the last ten bases of mature tRNA"^* not only 
blocked 3' processing but also inhibited the export of the 
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transcript to cytoplasm (Tobian et al,, 1985). These 
results suggested that 3' processing might be linked to 
export to the cytoplasm and that 3' -altered tRNA 
transcripts are not exported efficiently (Gotten and 
Birnstiel, 1989; Boelens et ai., 1995). However, as 
demonstrated in Figure 1, the deletion of the last seven 
bases of mature tRNA''^' did not inhibit the export of the 
transcripts from the nucleus. 

A protein, designated Exp o r t i n ( tRNA ) , which 

transports tRNA from the nucleus to the cytoplasm has 
recently been identified (Arts et al., 1998). Exportin 
(tRNA) binds RanGTP in the absence of tRNA but it does not 
bind tRNA in the absense of RanGTP. Therefore, a model for 
the transport of tRNAs was proposed wherein Exportin 
(tRNA) associates with RanGTP first in the nucleus and 
then the complex binds a mature tRNA molecule. This final 
complex is translocated through a nuclear pore complex to 
the cytoplasm. There, the Ran-bound GTP is hydrolyzed, 
releasing the tRNA into the cytoplasm and allowing 
Exportin (tRNA) to be recycled to the nucleus (Arts et 
al., 1 9 9 8 ) . We do not yet know the minimal sequence or 
structure within a tRNA that can be recognized by Exportin 
(tRNA) . However, since the ribozymes shown in Figures lA- 
IC were successfully translocated to the cytoplasm, it is 
possible that they were recognized and transported by 
Exportin (tRNA) despite the deletions and alterations at 
the 3' end of the natural tRNA. 

It is clear, from our study, that even 3'-altered tRNA 
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transcripts can be transported efficiently to the cytoplasm 
if their secondary structures resemble those in Figures lA- 
IC. When we tried similarly to express an other kind of 
ribozyme (Rz4 in figure 1D(SEQ ID NO: 5)) in HeLa cells, the 
transcripts remained in the nucleus (Figure 7C). The 
secondary structure of Rz4 (Figure ID) is quite different 
from that of ribozymes Rzl, Rz2 and Rz3, which were 
cytoplasmic, despite the fact that not only the A and B box 
promoter elements (shaded boxes in Figure 1) but also all 
the remaining sequence within the tRNA''^' segment were 
identical in transcripts Rzl through Rz4. This observation 
suggest that, if Exportin (tRNA) can indeed recognize the 
ribozyme transcript, it is unlikely that it recognizes a 
specific nucleotide sequence. Exportin (tRNA) might, rather, 
recognize some specific higher-order structure of tRNA or 
some sequence within such a higher-order structure. 

Indeed, another ribozyme, constructed for other 
purposes, whose secondary structure resembled that of Rz4 
was found only in nuclei (data not shown) . We have 
constructed more than ten other ribozymes for suppression 
of three other genes, keeping in mind that their secondary 
structures should resemble those of Rzl through Rz3 in 
Figure 1 and adjusting linker sequences so that they might 
be transported to the cytoplasm. All of these ribozymes 
were found in the cytoplasm after transcription. They not 
only had high activities (>95% inhibition) but also high 
specificity (<5% inhibition by the inactive control). 
Thus, cytoplasmic ribozymes based on the design shown in 
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Figures lA-lC seem very attractive (Kawasaki et aJ., 1996, 
1 9 9 8 ) . We should also mention that the secondary 
structures of Rossi's t RN a"^ - r i b o z y me s , which remained in 
nuclei and were not very active (Bertrand et aJ., 1997), do 
not resemble our active secondary structures because of 
their different linker sequence. Their structures resemble 
that of Rz4 ( c ompu t e r - p r e d i c t e d structures not shown) 

It will be of interest to determine whether ribozymes 
such as Rzl through Rz3 (but not Rz4 or Rossi's tRNA"^""- 
ribozymes) form complexes with Exportin (tRNA) in the 
presence of RanGTP, that is, under conditions in which 
formation of a complex between an export receptor and its 
cargo would be expected (Arts et al., 1998) 
Ac t iv i t i gg Oil tRNA""^" - r ibpzyme Ln vi vq 

Sullenger and Cech (1993) and Rossi's group (Bertrand 
et aJ . , 1 9 9 7 ) clearly demonstrated the importance of 
intracellular c o - 1 o c a 1 i z a t i o n of ribozymes with their 
targets. In the case of one specific expression cassette, 
both the ribozymes and its RNA target were located in the 
nucleus and the specific cleavage by the ribozyme of its 
target was detected (Bertrand et al., 1994) . Thus, the 
critical parameter is not the localization of the ribozyme 
per se but it is, rather, the ability of the ribozyme to 
co-localize with its target (Bertrand et al,, 1 9 97 ) . Since 
various p r o t e i n a c e o u s factors are involved in the 
intracellular processing and transport of mRNAs and since 
such factors may bind promptly with mRNA immediately after 
transcription, such factors could inhibit the binding of 
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the ribozyme with its RNA target in the nucleus. Also, in 
the cytoplasm, polysomes might inhibit the binding of the 
ribozyme with its RNA target. Moreover, since nuclear 
tRNA"^^ - ribozyme failed to inactivate a cytoplasmic mRNA 
that had originally been produced in the nucleus (Bertrand 
et ai . , 1 9 9 7), the transport of mRNA from the nucleus to 
the cytoplasm seems to be much more rapid than the attack 
by the nuclear t RN A" ^ - r i b o z y m e . One of the most critical 
factors determining ribozyme activity in vivo seems to be 
the association between the ribozyme and its target. A 
significant fraction of ribozymes must be degraded during 
their transport and also during their approach to their 
target site. For this reason, c o - 1 o c a 1 i z a t i o n of a 
ribozyme and its target does not, by itself, guarantee the 
efficacy of ribozymes in vivo . 

The ribozyme Rz2, which was most stable in vivo 
(Figures 3B, 3C, 6A and 6B), was more effective in the 
intracellular environment (Figure 4) than Rz3, which had 
higher cleavage activity in vitro (Figure 2). This 
difference in activity was magnified in the HlV-1 challenge 
(Figure 6C). Although cells producing the more stable Rz2 
were almost completely resistant to infection by HIV-1, 
other cells producing the less stable Rz3 were as sensitive 
as control cells to infection by HIV-1. Although Rz2 had a 
half-life, that was about twice that of Rz3, it is unclear, 
at present, which structural feature(s) made Rz2 more 
resistant to RNases. There were six more nucleotides within 
the linker in Rz3, as compared to Rz2, which must have 
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influenced the higher-order structure. 

The half-lives of natural tRNAs range from 50 to 60 
hours (Smith and Weinberg, 1981), while that of Rz2 was 
only about 100 min. If the half-life of the t RN A - r i b o 2 y me 
could be prolonged, a higher inhibitory effect might be 
expected. While we still cannot predict the relative 
stabilities of transcripts in vivo, we can design 
ribozymes that can be transported into the cytoplasm by 
incorporating secondary structures such as the ones shown 
in Figure 1. Since we cannot accurately predict the 
stability of a transcript, we usually test several 
constructs and, in the case of various genes tested to 
date, we have always been able to obtain a cassette that 
can inactivate the gene of interest with >95% efficiency 
(Kawasaki et ai., 1996, 1998) 

The tRNA''*^ -vector may be useful for expression of 
functional RNAs other than ribozymes whose target molecules 
are localized in the cytoplasm. In our hands, tRNA'''^- 
ribozymes have consistently high activities, at least in 
cultured cells. Therefore, properly designed tRNA"'"'- 
ribozymes appeared to be very useful as tools in molecular 
biology, with potential utility in medicine as well. 

INDUSTRIAL APPLICABILITY 

By the present invention, there is provided novel 
ribozymes and expression systems therefor. The ribozyme of 
the present invention has high in vivo stability, and 
thereby exhibits high activity. 
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